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‘J’l Ic IIeat calmci(y  c]f 411c ill a slllall rwtatill f’, (Jlil)(i(t  h( I  tlIc Ii+t Itld:i frallsiti{,]l i s  collll)utrd usirlg  tlIc W

tllcory of (;illzl~org atId  Sol)yallill. Wcol)tillllml;  ! ])l’: i’. (: !:;ral[i  for vortrx f(,llllalio]l  \vlli(.1] ag;rccs  w i t h  tf]c

co]i]])utatio]l of Kiklladw  all(l hlall]alad~r.

1. lN~’ll.(ll ltJC~rl’loN

‘1’lIc ljallll}cl:i- tr:illsitic)t]  ill liquid IIcliutli  11~1  III
COIIIC a lIIodcl  for  l)llasc trallsitiolls. ‘I’l Ic [t; it Is II 1( III
witfl  110 coulltcr(low lw(}veeII IIorlllal flui(] alt(l SIIj IWI
f l u i d  i s  ratllcr well studic(l  and utI(Icrstoo(l JII [(III)\
of  rc:ll(~r]l)aliz:ltioll  grou])  tllcory.

IIrokcll g:lllgc  sy]lllllftr  ygii’c’srisc toa ]IIH (11(1
IIlodylialllic  dcgrw o f  frccdolt) lIelow  tlic s~ll]c!(iilitl
trallsitio]l. I t  c(~rrcslm)lcls  tocoal]tcr(low c)I IIi)IIIIIl
all(l su]wrflu](l  Colll])oll (’ills.” Ii 1s allillo~[ll  l}, to IIIJI:?.

IIctic  tratlsit,iolls  ill /{tltif(rrol]]agtlc’ts  UII(I(I ;,lIIIIII (I
IIlaglldic field. ‘1’llctriillsitioll  Illl(lm  tllc(c~l]lil(lll,~
]Iaslwcll studiul ]rw tllomugl]ly.

Ollc cal I study (r:lllsi(iollcitllcl k(t’l)illp,{llll!,l)l,
krflow culrc]lt o r  colllltcrflow vc]ocity (1)11 ~.l:IIIt.

OIIly  Illc firs{  sitllatioll lIas  lXCII cxattlillcl (>111 I
i]l]elltally  [ 1 ] .  M o s t  o f  tllc tllcories deal u’ittl  I III
tral}sitioll  atcc)llslzll]t~’clocityill otle-(lilll(llsl{,l!ill  FI
oltlctry [2], [3]. IImvcvcr, it i s  ca$icr  to rcilli7,’ 1111
constant vclocily  case ill a rotati]]g colltail!ri. ‘1 III
]Ic)r]t)al flui(l fOll(J\vStfl(’ rotatio]) oftlie CCJlltillll~l  :IIItl

tlicsuJwrfllli(l is citller stationary or fOI’lll S(lllill,l12t ,1
v o r t i c e s .  ‘I’l Ius tllu  coullkrflow state is I!’(II  [l(lilt(’l
as loIIg as vorkx ]mttcrtl is kIIOWII.

2. AI’IWACI1

Wc collsidcr IIcrc  a sitrlatio]l a]lalogous  t(l I II( , ~
Iwrilllcllt l)la  II IIc<l at, J] ’],, ‘1’lIC l)cli~llll is(ot,fitj((i (,,
all array of tflill  cal)illariw (of wllicll  wcco]lsiil(’r ~111( )
with tllcir axes J):irallcl to t,llc  axis of  rotiili(lll,

‘J’lle  ])lia S(’ [Iiil,griilll of t,llis syste]ll ill III( /i ,

])lall(.  Ilas  Ix:cll (’:llcll!at((l  ill [ 4 ] ,  usi]lg  tll( s: Ill I( illl
})roacll as ollrs,

We usc  tllc statiotlary cquatio]ls o f  111<  1)111
]lc~]]lcll(~lc)gic?il t]l(wr’y (If solmfllli(lity (W tlI(tIf:,.

[:{ ). Al(l Ioo~,lI  ICW lip,()[()(ls tlla]l a  imol)cr
tf lt,tlll~il i~:tlicjli -/,r(,lt  J)tl(~illil(llt, tllistllcory should
II ~ii(lch[illillp,])c)itlt  for ((ltllj):trisolllvitll flltr]rccx-
])(il[IICllt~il  l(Slll[\.

\\’cl lIsd llIr W tll(oly frw ctl(rgy cxI)arlsioll  to
{II II tllc(list lilj(Jli(~]l(  )ftll((, r(l(r])a rallJctcrtll atlr]i]l -
i]] i,($ tlI( fltv c]l(~rp,y (I[ Il(lillill ill tlIc cell. ‘1’tlc so-
11]’ioll istli(ll sulwtitt]tc(l i]itotllc (xI)rcssioll forfm
(, I Vg, y, ‘I’l If lIcat ca]):l(ilj is(alclllatd fro]]] tflc i]l-
1.,,  I; I{c(I  fr(i cvI(, rgy lIy l;lliitl{~ tllr sccolid  d e r i v a t i v e
of tll(’ fl (’( ( 11(, r~y a< ? f(lllc[ioll  (Jftc]ll])cratllrc.

\\’(:{,llly(ollsi(l([ tll((itS(sofl lo\ ’ortiCcS(N=”  ())
(> I (IIIC  vf.)rhx  it! tl(~, c>lit!(l(l (Ar :  1 ) .  III tfIcsc  cases
11 (ylill(lr i:,lsyl ll)ll(tlj lvilltjcl )rescrve(l.

11(1(  7 : (’/’ ‘/:,)/r/~,  ; : ?’/f(T), L =

. ,  ( ) / / 7 1 1  /<2(7  ) ) ,  J IS 111(  lllil~,llitlldC  of tllc order
[); ,! IIletrl, IIorlll;tlintl lIj its I)lil!i v a l u e  with zero
(’ lll(crfl(~~v,  7 is (Ii.ilallct  fIOl II tlIc axis of tllc cy]iw
(It I , (d is lot <Ltio]I vcl(~cit~, <(7 ) is tflc tc]lll)cratr]rc-
d( l)(ll(h’111 (( II ICI(l  II (, 1(11/,[11  illl(l  Al  i s  all ulllillOWll
]){ il]l Ct(l  of ttl( 111/olJ” tllilt llaS  t o  I)C ]tlcasurd C’X-
])( IIllc’lltallj.

!\sslll]litly,tll( ;ixisjl[ltll(lri((:is(, Iltillil]]izatic)ll(>f
tli -. (’]l(]p,y over  tll( (  yii]l(l(]  l(’il(l  S !0 tllc followirlg
{III’! IC[l(ial ( (lualio  II for (11( Ilja[,,tlitudc  of lIIC o r d e r
l); ;, II IC((I:



.,*

\VC  SOIVC  this cquat,iol)  Ilulllcrically  usirip, ii<j’1111)
totical solution j  :  C;h’ iii zero. ‘1’11(’ ])?lralll(l(l (’
i s  a d j u s t e d  to sa{isfy  tlIc lmulldary colldili(,]l ~ , II
at tlIc wall.

3. IU’;SIJ1/’J’S

We calculatd tlIc lIcat  (almcity f o r  1/ : liOI~IIt.
~) z 0,~0, ]()(), IFJ0,20()  racl /see,  A} L O, 1 aIICl ,1~

O,  1 .  ‘1’IIc reslllts are SII(NII ill tlIe f i g u r e  ‘1’li( IIILIIL
frmn to])  to I)ott 0 1 1 1  corrcslmlld  to Al = O, If : II 1 ,

N = -  l,M= O, AT=  0,A4= land N:- 1,!1 1

On cacll plot, tlIc lillcs froll) to])  (solid li]lc)  to I,ot[ 1111
c.orrcslmlld  k) itlcrcasillp,  rotat,ioll v e l o c i t y . ‘1’11(  1{[[
end  of cacl  I curve is tlIc clId of tlllc stal~ ilily It,y,i,)li  CIf
tlIc su])crfluid 1)1 Iasc. ‘J’lIc trallsi(ioll  kIII]rtat  III(  i>
sul)~)rcsscd  I)y lmt  II sixc cfkd slid coul  It(Ir O( II’,. ‘1 II(
IIorixo]ltal  dottc(l Iillc OII caclI  })lot, SIIOWS ilII lJIIII
I)cat  calmcity ill tflc al)stIIce o f  coulltcrflc,}v.

At lower rotat ion vcl(xitics w :- (), LO tii(l~~( ~~ i II(
N  =  O  s t a t e  i s  tllcrlllo(lyllic.[llly stal)lc. At IIip.lltl
rotatio]l v e l o c i t y  oIIly tllc AT = 1 state is slill)l~ AI

w  : 1 0 0 ,  150 ra(l/scc a first  order trallsiti,,]t A :
0- ) N = 1 takes l,lacc as tl,c tcl)ll,cratrlrc is It(lII,  (1

furt]lcr fr(,lll  ‘/\.

At A4 : 1  tile Ilcat, calmci(y  d o e s  IIOt (li~’,lp,( ~,i
tflc tralwitioll) altl)ougl]  lllc illcrcase i s  JIIIJIII  tI,III
])ro][lil)c]lt tlIalI  f o r  A4 : ( ) . It sl}ould  Iw ])(,it,[(:l
out tlIal for  Af >  1 tllc tra]lsitio]l ill this ~, I(IIIIf f I}

t)ccollles  first-or(lcr  [4].

O u r  rcsul(s cal  I Im r(- sc:il(xl  for difl’crcl)t  t:Il III ~~ [ lf
cal)illary sizes (1{), rotatiol) veloci t ies  slid lllll])(lil
turcs as 1{ - ) Al{, w  -  ) tiY/k2, 7- ) k- 2 1 : 37 .

Filially we  l]iivc calclllatcd tlIc  latcllt  I[(;I1 {,1 I III
A’ = O  -  } A’ : 1  tr~i]]sitio]l. ‘1’l,c values a r c

w Af ‘/j -  Y ’ ,  K  A Q ,  joule/Iii:’
100 0 2.50 .10-7 0.0072
150 0 2.4 .10-7 0.0012
100 1 2.84 ~ 10-7 ~ o.o12(i
150 1 :{.0 10-7 ().()()93

4. CON(:l,[JS1ONS

IVc lIavc  calc[llated tllc ]Icat calmcity (If SIIINI
floid  411c  colltailicd ill h rotatitl.g cal)illary lMisIl I I I I

tllc W theory cxlmllsioll of tllc free c]lcrp,y. ( )11 I ( (11
culatiolls  SIIOW t h a t  tllc cfl’cct of coullter[lotj  011 11~ :It
ca]mc]ty Ca)l l)c ]Ilcasur(,(l wit,ll rcalislic val  11(, + (.,1 ( \-
})crilllclltal Imralllctcrs.
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